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 Understanding the mechanism of high temperature (high Tc) 
superconductivity is a central problem in condensed matter physics. It is often 
speculated that high Tc superconductivity arises from a doped Mott insulator1 as 
described by the Hubbard model2–4. An exact solution of the Hubbard model, 
however, is extremely challenging due to the strong electron-electron correlation. 
Therefore, it is highly desirable to experimentally study a model Hubbard system 
in which the unconventional superconductivity can be continuously tuned by 
varying the Hubbard parameters. Here we report signatures of tunable 
superconductivity in an ABC-trilayer graphene (TLG) / boron nitride (hBN) 
moiré superlattice. Unlike “magic angle” twisted bilayer graphene, theoretical 
calculations show that under a vertical displacement field the ABC-TLG/hBN 
heterostructure features an isolated flat valence miniband associated with a 
Hubbard model on a triangular superlattice5,6. Upon applying such a displacement 
field we find experimentally that the ABC-TLG/hBN superlattice displays Mott 
insulating states below 20 kelvin at 1/4 and 1/2 fillings, corresponding to 1 and 2 
holes per unit cell, respectively. Upon further cooling, signatures of 
superconducting domes emerge below 1 kelvin for the electron- and hole-doped 
sides of the 1/4 filling Mott state. The electronic behavior in the TLG/hBN 
superlattice is expected to depend sensitively on the interplay between the 
electron-electron interaction and the miniband bandwidth, which can be tuned 
continuously with the displacement field D. By simply varying the D field, we 
demonstrate transitions from the candidate superconductor to Mott insulator and 
metallic phases. Our study shows that TLG/hBN heterostructures offer an 
attractive model system to explore rich correlated behavior emerging in the 
tunable triangular Hubbard model.  
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 The ability to exfoliate and stack atomically thin two-dimensional (2D) materials 
into new classes of van der Waals heterostructures has ushered in a new era for synthetic 
quantum materials, where the properties of the materials can be conveniently controlled 
through both the composition and stacking order of different layered materials and an 
external electrical field from electrostatic gates. Such van der Waals heterostructures 
offer the possibility to design tunable material systems that exhibit fascinating new 
quantum phenomena. For example, correlated insulating states and unconventional 
superconductivity have recently been reported in magic-angle twisted bilayer 
graphene7,8, and gate-tunable Mott insulating states have been observed in ABC trilayer 
graphene/hexagonal boron nitride (TLG/hBN) heterostructures5. In particular, the 
TLG/hBN system provides an ideal platform for systematic study of the triangular 
Hubbard model with 4-fold onsite degeneracy: theoretical calculations show that the 
system features an isolated nearly-flat miniband in a triangular superlattice, and the 
miniband’s bandwidth can be tuned with a vertical electrical field. This is in contrast to 
the magic-angle twisted bilayer graphene system, where calculations show two nearly-
flat minibands that always intersect in the single-particle bandstructure 8. Here we report 
signatures of tunable superconductivity in a TLG/hBN heterostructure around the 1/4 
filling Mott state, corresponding to one hole per unit cell in the moiré miniband. Two 
apparent superconducting domes are observed with electron and hole doping relative to 
the 1/4 filling Mott state, respectively. In addition, transitions between superconducting, 
insulating, and metallic states in the TLG/hBN heterostructure are readily controlled by 
a vertical electric field.  
 The sample fabrication process is similar to that reported in Ref. [8]. Briefly, near-
field infrared (IR) nanoscopy is used to identify ABC and ABA regions in exfoliated 
trilayer graphene9. Dry transfer methods are used to pick up and assemble hBN/trilayer 
graphene/hBN stacks with careful angular alignment10,11. Standard e-beam lithography, 
reactive ion etching and electron-beam evaporation are used to fabricate TLG/hBN 
devices with a Hall bar geometry. The TLG is contacted through one-dimensional edge 
contacts with non-superconducting Cr/Au metals. We further deposit a metal top 
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electrode to form dual-gated devices where the TLG/hBN heterostructures can be gated 
by both the top metal electrode and the bottom silicon substrate. Fig. 1a shows an 
optical image of a fabricated device. The dual-gate configuration allows us to control 
the carrier concentration and miniband bandwidth of the TLG/hBN heterostructure 
independently12–14: the vertical displacement field across the TLG is set by ܦ ൌ
ଵ
ଶ ሺܦ௕ ൅ ܦ௧ሻ and the charge concentration relative to the charge neutrality point by ݊ ൌ
ሺܦ௕ െ ܦ௧ሻ/݁ , where ܦ௕ ൌ ൅ߝ௕ሺ ௕ܸ െ ௕ܸ଴ሻ/݀௧  and ܦ௧ ൌ െߝ௧ሺ ௧ܸ െ ௧ܸ଴ሻ/݀௧  can be 
controlled by the bottom and top gate voltages, respectively. Here ߝ௕ሺ௧ሻ and ݀௕ሺ௧ሻ are 
the dielectric constant and thickness of the bottom (top) dielectric layers, and ௕ܸ଴ and 
௧ܸ଴ are the effective offset in the bottom and top gate voltages caused by environment-
induced carrier doping. 
 ABC-stacked TLG features a cubic energy dispersion and therefore a large 
effective mass at low energy15–18. In a TLG/hBN heterostructure in which the TLG is 
rotationally aligned to one of the hBN cladding layers, a moiré superlattice with a period 
of 15 nm folds the pristine TLG electronic band into a series of moiré minibands in the 
first moiré mini Brillouin zone5,19–23. Theoretical calculations show that the moiré 
superlattice in such a TLG/hBN heterostructure generates a periodic potential 
characterized by a triangular lattice, yielding first electron and hole minibands with 
very narrow energy bandwidth. (See SI section I and II for calculation details.) A 
schematic of the triangular TLG/hBN moiré superlattice is shown in Fig. 1b. Figure 1c 
displays the calculated energy dispersion of the few lowest electron and hole minibands 
for an ABC TLG/hBN heterostructure where the moiré superlattice is formed with the 
top hBN flake and the potential energy difference between the bottom and top graphene 
is 2∆ = 20 meV. This potential energy difference can be generated by a vertical 
displacement field of -0.4 V/nm5, where the negative sign denotes the field pointing 
downward. In TLG/hBN system, the minibands around the K and K’ valley in the 
original graphene Brillouin zone form time reversal pairs, where ܧ௄ሺ݌ሻ ൌ ܧ௄ᇲሺെ݌ሻ. 
Due to the four-fold spin and valley-isospin degeneracy, 4 electrons are required to 
completely fill a miniband in TLG/hBN moiré superlattice. 
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Significant electron and hole asymmetry exists in the TLG/hBN system, and the 
first hole miniband tends to be narrower and better separated from the other bands. At 
2∆ = 20 meV, the first hole miniband has a bandwidth W as narrow as 15 meV, and is 
separated from other bands by over 10meV. The on-site Coulomb repulsion energy, on 
the other hand, can be estimated by ܷ~ ௘మସగఌబఌ௅ಾ . For LM = 15 nm and an hBN 
dielectric constant ߝ	= 4, U is around 25 meV, which is larger than the value of W. This 
dominant on-site Coulomb repulsion can lead to Mott insulator states in the flat and 
isolated hole miniband5,24,25. Experimentally, the gate-dependent four-probe resistance 
(Rxx) at a vertical displacement field of -0.4 V/nm in a TLG/hBN superlattice is shown 
in Fig. 1d for temperature 5 K. Prominent Mott insulating states are observed at 1/4 and 
1/2 fillings of the hole miniband, corresponding to one hole and two holes per 
superlattice unit cell, respectively. The two-dimensional color plot of Rxx as a function 
of Vt and Vb in Fig. 1e shows the evolution of the charge neutral point (CNP), 1/4 filling, 
1/2 filling, and full filling (FFP) resistance peaks with the displacement field D. For 
relatively large D field, resistivity peaks can be clearly identified at 1/4 and 1/2 filling 
of the first hole miniband. From both the experimental and calculated results, the 
electron and hole minibands are asymmetric with displacement field in the TLG/hBN 
heterostructure. As suggested above, the different behavior between the positive and 
negative displacement field arises from the fact that the moiré superlattice exists only 
at top hBN/TLG interface in this device.  
 Signatures of superconductivity emerge in this device below 1 kelvin. We first 
focus on a state close to the well-developed 1/4 filling Mott insulator with D = -0.54 
V/nm and n = -5.4 × 1011 cm-2. The first sign of superconductivity is a sharp drop of 
Rxx from ~5 k to ~300  within the narrow temperature range of 2 K to 0.2 K. The 
lowest resistance then remains constant down to 0.04 K. An empirical fit to the 
Aslamazov-Larkin formula26 of the Rxx - T curve, shown as the solid line in Fig. 2a, 
yields an estimated superconducting Tc of 0.65 K. Non-zero residual resistance can 
appear in measurements of microscopic superconducting samples with poor electrical 
contacts, as reported for example in some magic-angle twisted bilayer graphene 
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samples27 and other 2D superconductors28,29. The residual resistance may also have a 
contribution from non-equilibrium quasi-particles in microscopic devices30. 
A second signature of superconductivity comes from measurements of the current-
voltage relationship (I-V curves), as displayed in Fig. 2b. At the lowest temperatures, 
the I-V curves show a plateau below the critical current at ~ 10 nA. The plateau region 
tilts and exhibits nearly linear behavior at higher temperature. Figure 2c shows the 
differential resistance dV/dI as a function of driving current, which provides a better 
visualization of the critical supercurrent of ~ 10 nA below 0.3 K and the evolution to a 
normal metal behavior above ~ 1 K.  
Figure 2d displays the critical supercurrent behavior in dV/dI-I curves as a function 
of the perpendicular magnetic field ܤୄ at a base temperature of 40 mK. There is a 
clear suppression of the apparent superconductivity by the magnetic field, and it almost 
disappears at ܤୄ ~ 0.7 T. Between 0.7 to 2 T, the differential resistance at low bias is 
relatively small and it exhibits a weak nonlinear I-V behavior (Fig. 2e). However, 
further measurement of R-T response at such magnetic fields shows a behavior 
characteristic of a metallic state with a weak temperature dependence (See SI section 
III).  
Figure 2f further displays the in-plane magnetic field dependence of the critical 
supercurrent behavior at 40 mK. The superconductivity in TLG is again suppressed by 
the in-plane magnetic field ܤ∥, and disappears below 1 T. At the same time, we observe 
an anomalous resistance peak close to zero current bias at large in-plane magnetic field. 
This behavior is rather unusual. We do not know its origin and further experimental and 
theoretical studies will be needed to fully understand this in-plane magnetic field 
dependence. 
 Next we examine the superconductivity phase diagram as a function of temperature, 
T, and carrier doping, n. We fix D at two different values, D = -0.54 V/nm where both 
the 1/2 and 1/4 fillings Mott states appear (Fig. 3a) and D = -0.17 V/nm where only the 
1/2 filling Mott state appears (Fig. 3b.) 
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At D = -0.54 V/nm, two apparent superconducting domes emerge at low 
temperature near the 1/4 filling Mott state: superconductivity appears to exist for both 
electron and hole doping relative to the 1/4 filling Mott state, analogous to the behavior 
in high-Tc cuprates3. This also resembles the behavior observed in magic angle twisted 
bilayer graphene around 1/2 hole filling8, though a more recent work suggests that 
lower disorder produces only one dome, for hole doping relative to the Mott insulator27. 
The presence of superconductivity even right at 1/4 filling in our measurements can be 
attributed to the charge inhomogeneity in the trilayer graphene devices, which can lead 
to patches of superconductivity when the average filling corresponds to a Mott insulator 
as seen at higher temperatures (See SI section IV). The behavior around the 1/2 filling 
Mott state is more complex. The resistance remains rather high on the electron doping 
side of the 1/2 filling point. The R-T curve for hole doping relative to the 1/2 filling 
Mott state is consistent with a superconducting transition, but the I-V curve shows a 
very weak plateau. (See SI section V). Further studies will be required to conclusively 
establish the nature of this state.  
At D = -0.17 V/nm, where only the 1/2 filling Mott state exists, the phase diagram 
shows no superconductivity even at base temperature. The metal phases show very 
small resistance values at base temperature, but they can be distinguished from 
superconducting phases by their R-T dependences and the lack of supercurrent behavior 
in the I-V and dV/dI curves. 
 The TLG/hBN system offers a platform to investigate the evolution of 
superconductivity where the bandstructure of the miniband can be continuously tuned 
by a vertical displacement field D. We fix the carrier concentration at a constant n = -
5.2 × 1011 cm-2, which corresponds to a small electron doping relative to the 1/4 filling 
Mott states, and examine the electronic phases at different D. The four-probe resistance 
Rxx as a function of D and T is displayed as a two-dimensional color plot in Fig. 4a. At 
small D where the miniband bandwidth is relatively broad, the system exhibits a 
metallic phase. Figure 4b shows Rxx-T plot at D = 0, where the resistance is low and 
constant, suggesting that impurity scattering dominates at very low temperature. When 
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D is increased to a positive value, we observe a phase transition from the metallic state 
to a Mott insulating state due to the field-induced narrowing of the hole miniband5. A 
line cut at D = 0.45 V/nm of Fig. 4a shows the insulating Rxx-T behavior of such a Mott 
insulating state (Fig. 4c). Superconductivity, however, never appears in this parameter 
space with a positive D. When D is varied to negative values, we observe an evolution 
from the metallic phase (D > -0.28 V/nm) to a candidate superconducting phase (D < -
0.53 V/nm). (We have limited |D| to 0.6 V/nm to avoid possible damage to the gate 
dielectrics.) The transition region between D = -0.28 and -0.53 V/nm exhibits rather 
complex behavior, and we refer to it as a “resistive state” because the overall resistance 
is relatively high compared with the metallic region. Figure 4e shows several R-T 
curves with different behaviors in this transition region. 
 The TLG/hBN superlattice provides a unique model system to study the triangular 
Hubbard model with 4-fold onsite degeneracy, associated with an isolated and 
electrically controllable nearly-flat 4-fold degenerate miniband. In this system, we 
experimentally find tunable Mott insulator states and signatures of tunable 
superconductivity. Further studies of such a tunable quantum system may shed light on 
to the longstanding question of high-Tc superconductivity’s relation to the Hubbard 
model. TLG/hBN systems also hold the promise to reveal completely new types of 
electronic states, such as spin liquid phases25, electrically tunable Chern bands31,32, and 
topological triplet superconductivity24,33, all of which have been recently predicted for 
a triangular Hubbard model based on TLG/hBN superlattices. 
 
Supplementary Information 
Supplementary Information is available in the online version of the paper. 
Data Availability 
The data that support the findings of this study are available from the corresponding 
authors upon reasonable request. 
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Methods 
Sample fabrication. TLG and hBN are mechanically exfoliated on SiO2/Si substrate 
and the layer number of TLG is identified by optical contrast and AFM. ABC-TLG is 
characterized by near-field infrared nanoscopy and isolated in-situ by cutting with an 
AFM. hBN flakes are selected to be thicker than 30nm and without step edges. We 
create the hBN/TLG/hBN heterostructure by stacking different layers with a dry 
transfer method26. We identify the crystal orientation of TLG and hBN using the 
crystalline edges of the flakes, and manually align the TLG lattice with the hBN flake 
during the transfer process. The device is then etched into a Hall bar structure using 
standard e-beam lithography. The TLG is contacted through one-dimensional edge 
contacts with Cr/Au electrodes. We further deposit a metal top electrode to form a dual-
gate device where the TLG/hBN heterostructure can be gated by both the top metal 
electrode and the bottom silicon substrate. 
  
Transport measurements. The device is measured in a dilution refrigerator which 
achieves a base electron temperature of T = 0.04 K, as determined by Coulomb 
blockade thermometry. Low temperature electronic filtering, including microwave 
filters, low-pass RC filters, and thermal meanders, are used to anchor the electron 
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temperature as well as to prevent quasiparticle excitations from high frequency noise. 
Stanford Research Systems SR830 lock-in amplifiers with NF Corporation LI-75A 
voltage preamplifiers are used to measure the longitudinal resistance Rxx of the device 
with an AC bias current of 0.5 nA to 1 nA at a frequency of 7 Hz. A Yokogawa 7651 
DC voltage source is used in combination with a 100 MOhm bias resistor to add a DC 
bias current to the device. The voltage in the I-V measurements is measured using an 
Agilent 34401A. In the dV/dI-I measurements, a small AC current bias (0.5 nA) is 
generated by the lock-in amplifier output voltage in combination with a 1 GOhm bias 
resistor. This small AC current is added on top of the larger DC current bias, and the 
induced differential voltage is measured using the lock-in technique. In-plane magnetic 
field measurements are performed using an attocube atto3DR two-axis piezo rotator to 
control the sample orientation with respect to the field. 
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Figure 1. Mott insulator in trilayer graphene/hBN moiré superlattice. a, An optical image of the
ABC TLG/hBN device with top and bottom gates. The white scale bar is 3 m. b, A schematic of the
triangular TLG/hBN moiré superlattice and the 1⁄4 filling Mott insulating state, which corresponds to one
hole per superlattice unit cell. c, The single-particle energy dispersion of the lowest electron and hole
minibands in the ABC TLG/hBN superlattice with an effective potential energy difference between the
bottom and top graphene layer of 2 = 20 meV, which can be generated by a vertical displacement field
of -0.4 V/nm. It features a narrow and isolated hole miniband, shown highlighted in red. d, Rxx as afunction of carrier density shows prominent Mott insulating states at 1/4 and 1/2 fillings with D = -0.4
V/nm at T = 5K. e, Two-dimensional color plot of Rxx as a function of Vt and Vb at T = 5 K. Theresistance peaks at 1/4 and 1/2 fillings of the first hole miniband can be clearly identified for relatively
large D field.
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Figure 2. Superconductivity in TLG/hBN. a, Rxx-T curve at D = -0.54 V/nm and n = -5.4× 1011 cm-2shows characteristic behavior of a superconducting transition. An empirical fit to the Aslamazov-Larkin
formula (red line) yields an estimated superconducting temperature of 0.65 K. b, I-V curves at different
temperatures show a plateau below the critical current at ~ 10 nA for temperatures below 0.3 K. This
plateau region tilts and becomes close to linear at higher temperature, characteristic of a superconducting
transition. c, dV/dI-I curves at different temperatures. A critical current of ~ 10 nA is observed at the
lowest temperatures. d, The dV/dI color plot as a function of dc bias current and perpendicular magnetic
field at T = 0.04 K. e, Line cuts of d at B⊥= 0, 0.4, 0.7 and 2 T. f, The dV/dI color plot as a function ofdc bias current and in-plane magnetic field at T = 0.04 K. g, Line cuts of d at B// = 0, 0.4, 0.8 and 1.2 T.Symmetrized Rxx (B) = [Rxx (+B) + Rxx (-B)]/2 is presented to get rid of possible Rxy component in d-g.
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Figure 3. Carrier density dependent phase diagram. Rxx as a function of carrier density andtemperature at D = -0.54 V/nm (a) and D = -0.17 V/nm (b). Superconductor phase emerges at low
temperature near the 1⁄4 Mott state for D = -0.54 V/nm. Only the 1/2 filling Mott state exists for D = -
0.17 V/nm, and no superconductivity state exists even at base temperature. Both the superconducting
phase and metal phase show very small resistance values at base temperature, but they can be
distinguished by the supercurrent behavior in the I-V and dV/dI curves and by R-T dependence (Fig. 4b
vs Fig. 4d). Color scale: R0 = 380 .
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Figure 4. Tunable electronic phases with the displacement field. a, Rxx as a function of D and T atfixed doping n = -5.2× 1012 cm-2 relative to CNP, corresponding to slight electron doping relative to
1/4 hole filling. D modifies the bandstructure of the minibands in TLG/hBN, therefore the charge
correlations. As a function of D, the system can be tuned across four different electronic states from
left to right: superconductivity (SC), correlated resistive state, metal, and Mott insulator. b-e, Vertical
line cuts of a at selected D values to illustrate the Rxx-T behavior of different electronic states. b, Themetallic state at D = 0 V/nm shows a low and constant resistance due to the dominating impurity
scattering. c, The Mott insulator state at D = 0.45 V/nm shows an increased resistance at lower
temperature. d, The superconducting state at D = -0.59 V/nm shows a rapidly decreasing resistance to
a constant residue value at low temperature. e, The transition region between D = -0.28 to -0.53 V/nm
exhibits rather complex behavior, and we refer it as a “correlated resistive state” because the overall
resistance is relatively high compared with the metallic region. The state at D = - 0.32 V/nm shows a
weak insulator-like behavior with increases resistance at the lowest temperatures, the state at D = -
0.4V/nm shows an almost constant but relatively large resistance value, while the state at D = -0.45
V/nm displays a strange-metal-like behavior with an almost linear decrease of resistance at low
temperature.
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